The advent of very high intensity neutrino beams for the study of neutrino oscillations has also made possible a new generation of experiments which will study neutrino interactions on different nuclei with unprecedented precision. The use of the neutrino as a probe of nucleon structure provides unique information not available with other probes. In addition, an improved understanding of the neutrino interaction cross section and the resulting final states will reduce systematic uncertainties in neutrino oscillation experiments. A review of recent interaction measurements for neutrino energies in the energy range of 500 MeV to a few GeV will be given, with an emphasis on quasi-elastic scattering.
I. INTRODUCTION
The discovery of neutrino oscillations has opened a new era of neutrino physics. Very intense neutrino beam lines have been built at CERN, JPARC, and Fermilab in the past decade with the goal of studying neutrino oscillations in detail. These cover a wide range of energies, from less than 1 GeV for the MiniBooNE, SciBooNE (Fermilab) [1] , and T2K (JPARC) [2] experiments, to peak energies of a few GeV with long tails up to greater than 50 GeV for the NuMI (Fermilab) [3] and CNGS (CERN) [4] beam lines. Accurate interpretation of oscillation experiments, and a thorough understanding of the systematic uncertainties of the measurements, requires knowledge of both inclusive cross sections and details of final state characteristics. Experiments have been designed to improve those measurements. However, neutrino beams are so intense that they have also opened possibilities for using the neutrino as a scattering probe to explore nucleon structure and to study the interaction of neutrinos with nuclei with unprecedented detail. It is this aspect of neutrino interactions that I want to concentrate on in this report.
The neutrino has many attractive aspects as a scattering probe. It interacts only through the well understood weak interaction which makes it an ideal probe of the weak structure of the nucleon. It has a unique flavor sensitivity and, by combining neutrino and antineutrino scattering, provides flavor separation not available by any other means. Unfortunately it has a number of unattractive aspects. The incoming neutrino cannot be tracked, nor can the outgoing neutrino for neutral current interactions be tracked. Even with the intense beams currently available, massive targets (typically many tons) are needed to get adequate rates. The incident neutrino energy for any particular interaction is not known, and beams have a broad range of energies for on axis beams, and even off axis beams have significant (over 100 MeV) widths. Finally, interpretation of any results require detailed Monte Carlo simulations, and the validity of those simulations depends on the accuracy of the input data.
The fact that the incident neutrino energy is not known for any particular interaction is of importance for oscillation experiments because the critical oscillation parameter is L/E (distance over energy). The energy is inferred from the energy and angle of the final state muon (for charged current interactions), along with observed energy of the other final state particles. Because the interaction nucleus is typically carbon or heavier nuclei, energy can be unobserved because of binding energy, final state neutrons, or other particles not well measured. This aspect is what makes understanding the final state characteristics so important to oscillation experiments.
Prior to the recent series of experiments, most cross section data were taken with bubble chambers. Very little data existed for at lower energies, especially for heavier targets. A summary of neutrino total cross 27 arXiv:1111.1154v3 [nucl-ex] 11 Nov 2011 sections is shown in Fig. 1 . As is clearly evident, statistics are poor for neutrino energies of less than a few GeV. [6] A rather complete summary of neutrino interactions was given at PIC2010 [5] , including a discussion of higher energy measurements. In this talk I will concentrate on recent measurements of the quasi-elastic cross section at lower energies, and some data on coherent scattering.
II. QUASI-ELASTIC SCATTERING

A. Background
Quasi-elastic scattering refers to the charged current interaction νn → µ − p orνp → µ + n. The reaction is of interest for several reasons. It is important for oscillation experiments because it has the best measure of the neutrino energy. For a true two body interaction, the neutrino energy can be determined from the muon kinematics alone. If the interaction occurs in a nucleus, fermi momentum, the binding energy and final state interactions smear and shift the estimated energy, but it still remains the best measure of the incident neutrino energy. For higher neutrino energies, above a few GeV, the quasi-elastic cross section is nearly constant and can thus serve as a measure of the neutrino flux. For experiments using neutrino energies below one GeV, such as MiniBooNE and T2K, the quasi-elastic interaction is the dominant part of the cross section.
The reaction is of intrinsic interest for studying the nucleon because it is the best way to determine the weak form factor of the nucleon. The neutrino-nucleon cross section can be written as a function of the vector form factors and the axial form factor. The vector form factors are taken from electromagnetic scattering:
where A, B, and C are functions of the electromagnetic and axial form factors, s and u are the usual Mandelstam variables, M is the nucleon mass, G F is the Fermi constant, θ c is the Cabbibo angle, and E ν is the neutrino energy. Except for the neutron electric form factor, which is small and has a different functional form, the nucleon form factors are approximately described by the same functional form:
where E, M, and A designate the electric, magnetic, and axial form factors, and M V,A is a parameter called the vector or axial mass. Although, the dipole form for the form factors is empirical, and there is no particular physical significance to the vector or axial mass, the form does have the correct behavior expected from perturbative QCD for very large Q 2 .
B. Axial Form Factor
In the functional form given above, the vector form factors are determined from electron scattering and the Q 2 = 0 value for G A is determined from neutron beta decay, leaving only one free parameter to fit the Q 2 distribution for neutrino scattering: the axial mass M A . Prior to the 1990's, most determinations of the axial mass were done using neutrino scattering on deuterium or hydrogen targets. Although the statistical uncertainties were typically 10-20%, the experiments were in generally good agreement with a world average for M A of about 1.03. In the 1990's one of a new generation of oscillation experiments, NOMAD [7] , measured the axial form factor as part of its studies [8] for neutrino and antineutrino scattering with energies between 5 and 100 GeV. The tracking detectors also served as the scattering target and consisted of a mixture of elements, but were primarily carbon. As can be seen in Fig. 2 , the quasi-elastic cross section and extracted axial mass were in generally good agreement with previous measurements.
The next generation of oscillation experiments took place at Fermilab in the Booster Neutrino Beamline, with neutrino energies between about 0.5 and 1 GeV. The first experiment, MiniBooNE, was designed to check the LSND experiment. LSND observed oscillation values which, combined with other oscillation results, would imply sterile neutrinos. The MiniBooNE detector consisted of a 6.1 m diamter tank of mineral oil (CH 2 ) viewed by 1280 eight-inch phototubes. Because intrinsic impurities present in mineral oil scintillate, both Cerenkov light and scintillation light were detected.
A second detector, SciBooNE, was added on the same beam line later. The SciBooNE detector was orignally used at KEK (called SciBar). The detector consists of 14,436 strips of plastic scintillator (CH), each 1.3 cm x 2.5 cm x 300 cm, with wavelength shifting fiber readout. It was moved to the Booster Neutrino Beamline in 2007 and an electromagnetic calorimeter and muon range stack were added. Both MiniBooNE and SciBooNE were able to extract the axial mass in the lower energy range, and both primarily from carbon [9, 10] . As seen in Fig. 3 , the MiniBooNE and SciBooNE data are in good agreement with each other. However, the best fit to the data required a substantially higher value of M A , of about 1.35 GeV. The gives a significant discrepancy with the higher energy data. The form factor cannot depend on the incident neutrino energy, so the difference must be due to some other effect. Other more recent experiments have also found values of M A that are higher than previous measurements, as shown in Fig. 4 . The one common characteristic of the later experiments with higher values of M A is that they were done at lower energy and with heavier nuclear targets (i.e. not deuterium). A possible solution of this discrepancy may reside in the issues with the electromagnetic form factors or nuclear effects at low energy. 
C. Nuclear effects and the electromagnetic form factors
The history of the determination of the electromagnetic form factors provides some interesting lessons for the determination of the axial form factor. Early measurements showed good agreement with the dipole form of the form factor, with a vector mass of 0.84 GeV. Both the electric and magnetic form factors of the proton appeared to have the same form, and the ratio appeared to be nearly constant with Q 2 . However, beginning in the late 1990's, a series of experiments using polarization transfer to determine the form factor ratio showed deviations from the dipole form even at low Q 2 , and a substantial change in the ratio of the electric to magnetic form factors as Q 2 increased [12] . Figure 5 shows a global fit to the world's data. The important point to be noticed here is that as Q 2 gets larger than 1 GeV 2 , both G E and G M have significant deviations (about 10% by Q 2 of 2 GeV 2 ) from the dipole form. As measurements of the axial form factor become more precise, especially at higher Q 2 , potential deviations from the dipole form will have to be taken into account.
The electromagnetic form factors have been determined from electron scattering from hydrogen targets. Similar measurements were also made using the polarization technique for the reaction 4 He( e, e p) 3 H [14] . As is shown in Fig. 6 , the ratio differs from one by several percent. Much of the difference is explained from conventional nuclear effects. However, conventional models plus a modification of the nucleon form in the nuclear medium as predicted by Saito et al. [15] gives a better fit to the data.
The model from Ref. [15] also predicts modification of the axial form factor, at the level of 10% for Q 2 less than 1 GeV 2 . However, the model predicts a smaller value of G A in the medium, which is opposite of the apparent effect observed by MiniBooNE/SciBooNE. The question of a medium modification of the EM and axial form factors is still open, and needs to be taken into account when extracting form factors from the nucleons in the nuclear medium.
Finally, another nuclear effect, which has been con- He( e, e p) 3 H reaction compared to 1 H( e, e p) [14] . The ratio is sensitive to medium modifications of the proton form factor. firmed over the last decade, is the enhancement of the transverse nuclear response compared to the free nucleon in inclusive electron scattering [16] . The enhancement is attributed to meson exchange currents and short range correlations, and is present even in 4 He, at about the same level as in heavier nuclei. Bodek et al. [17] have shown that the enhancement can be modeled as an effective change of the nucleon magnetic form factor in nuclei. The effect is most pronounced at low Q 2 and causes an increase in the cross section compared to expectations from using the free form factors. As the neutrino energy increases, the maximum Q 2 increases, and the value of M A needed to fit the data moves toward the free values. As shown in Fig. 7 , the model provides a good description of both the low and high energy data, and appears to resolve the inconsistency between the two.
To conclude this section, we see that the most recent experiments, with their much improved statistics, 
FIG. 7:
Cross section predictions of the transverse enhancement model of Bodek et al. [17] . The model predicts the increased cross section for neutrino energies near 1 GeV compared to scattering from deuterium, as well as the decrease as the neutrino energy increases.
have brought new interest to an old topic. Neutrino scattering experiments have reached the stage of needing good models of nuclear effects as well as potentially giving new information on the nuclear medium effects on the structure of the nucleon. Proper accounting for nuclear effects is a challenging theoretical problem and even for the simpler case of electron scattering is not fully resolved. High statistic neutrino scattering will no doubt provide even more challenges to theory.
III. COHERENT PION PRODUCTION
The second experimental result which has become of considerable interest is coherent pion production. Coherent pion production refers the reaction ν + A → ν + π 0 + A (neutral current production) and ν + A → µ − π + + A (charged current production). In each case, the neutrino interacts with the entire nucleus, leaving it in the ground state, with a single pion produced. The kinematics of these interactions give very little recoil energy to the nucleus, and the pion production is forward peaked. As with the quasi-elastic scattering, this reaction has a particular interest for oscillation experiments, as well as being an intrinsically interesting reaction.
Coherent pion production is a potentially large background for oscillation experiments. Neutral current production in particular is of a concern for experiments searching for electron neutrino appearance (such as NOvA [18] ) because the photon showers from a π 0 decay can easily be confused with an electron shower if one photon either escapes detection or the two are too close to be distinguished.
A number of models [20] exist which predict the coherent pion production cross section, and the charged current to neutral current ratio, although the most widely used is the Rein-Sehgal (RS) model [21] . Recent reviews of the theoretical status and comparison of models can be found in Refs. [22] and [23] . Coherent pion production has been measured at higher energies by the MINOS experiment at Fermilab [19, 24] , and those data are in reasonable agreement with RS, as shown in Fig. 8 .
K2K [25] set the first limit on CC coherent production near 1.2 GeV. They found no evidence for this channel, with an upper limit of 0.6 × 10 −2 for the ratio of CC coherent to total CC interactions, below the prediction of RS of about 1 × 10 −2 . SciBooNE [26] has observed NC coherent production at the level of 1.1 × 10 −2 , in approximate agreement with RS, but they also found CC coherent to be suppressed, with a CC/NC ratio of only 0.14 +0.30 −0.28 . RS and other recent models [27] predict a ratio of CC/NC to be 1 to 2. This rather large discrepancy between models and data remains a mystery. 
IV. EXPERIMENTS
As we have seen above, the most recent experiments have given resuls which appear inconsistent with previous experiments and have placed new demands on theoretical explanations, in particular on nuclear dependence of effects. There is a need for more precise measurements and studies of nuclear effects, especially at energies below a few GeV. In this section I want to discuss two new experiments which significant potential to improve the experimental situation: MINERvA, at Fermilab, and T2K at JPARC.
A. MINERvA
MINERvA [28, 29] is a high resolution neutrino cross section experiment in the NuMI beam line at Fermilab, upstream of the MINOS near detector. The goal of the experiment is to measure exclusive and inclusive neutrino cross sections in the energy range of 1-20 GeV on several nuclei with greatly improved precision over previous experiments. MINERvA will be able to address several issues raised above. It will span the energy range between MiniBooNE and NOMAD, allowing a study of the extracted M A as a function of energy and on different nuclear targets, which will allow a study of the possible nuclear effects in the extraction of M A . It will also have good sensitivity to CC coherent production over the range of neutrino energies where models appear to fail.
A schematic of the MINERvA detector is shown in Fig. 9 . The detector consists of five main regions: the fully active central detector, the upstream nuclear targets, a downstream electromagnetic and hadron calorimeter, and a surrounding electromagnetic and hadron calorimeter.
The central detector serves as both the primary target and the tracking detector. It consists of planes of triangular plastic scintillator strips arranged in three orientations. Each strip's triangular cross section is 1.7 cm high and 3.3 cm wide, and is read out via a wavelength shifting fiber. The strips range from about 1 m to 2 m in length. Light sharing between the strips gives a position resolution of approximately 3 mm. The light yield is approximately 5.0 photo-electrons/MeV, giving about 13.5 photoelectrons/plane for minimum ionizing muons.
The downstream electromagnetic calorimeter consists of alternating planes of 2 mm thick Pb and scintillator planes of the same hexagonal shape as in the central detector. The hadron calorimeter is similar, with 2.5 cm planes of steel instead of Pb. The side electromagnetic calorimeter consists of 2 mm thick Pb plates between tracking plane in the outer region of the central detector. The side hadron calorimeter consists of planes of steel with scintillator strips embedded.
Upstream of the central detector are planes of passive targets, with two planes 2.5 cm thick of mixed Fe/Pb, one plane with 2.5 cm thick Fe/Pb and 7.5 cm C, a solid plane of Pb 0.80 cm thick, and a mixed plane of Fe/Pb 1.30 cm thick. The mixed Fe/Pb planes are split with part of the plane being iron and part of the plane being lead, such that the total mass is approximately equal. Tracking planes are placed between each plane of passive targets. Planned for fall 2011 are a 15 cm water target to be installed downstream of the Fe/Pb/C target and a tank of liquid 4He about 1 m in diameter to be installed upstream of the main detector. Figure 10 shows a schematic of the nuclear target region along with the placement of carbon, lead, and iron in the various targets.
Charged current events originating in the central detector are fully contained, except for the muon, for neutrino energies of less than about 10 GeV. The MI-NOS detector gives both muon energy and charge for forward going muons. The threshold energy for a muon to exit MINERvA and be tracked into MINOS is about 2 GeV. There is good angular acceptance for muons with scattering angles below 10 degrees, with acceptance dropping to zero for scatters greater than about 20 degrees. For particles stopping in MINERvA particle identification can be determined from the dE/dX, but there is no charge determination.
MINERvA began operations with about half of the detector installed in November, 2009, and took data with the anti-neutrino beam until March, 2010. Installation of the full detector was completed in March, 2010. Running since that time has been divided between the neutrino mode, anti-neutrino mode, along with a few special settings intended to help determine the neutrino flux. The analysis to date has concentrated on those events which have a muon identified in MINOS. Two of the first analyses are of the A dependence of the inclusive cross section and of the quasi-elastic anti-neutrino cross section.
MINERvA will be able to determine the nuclear dependence of the inclusive cross section, and in particular the relative ratio of lead, iron, and carbon. Although the statistical precision wll be quite good, better than 1%, the measurement requires a precise determination of the actual interaction nucleus in a given interaction. The transverse resolution of the detector is quite good, and Monte Carlo simulations indicate that fewer than 0.1% of vertices will be tracked to the wrong target. The longitudinal resolution is less precise and depends on the number of final state particles and how far they travel. Because there is no tracking in the Fe/Pb targets, it is not possible to tell if events with a single muon in the final state originated in Pb/Fe target or in the downstream tracking detectors. Monte Carlo studies of the background do indicate that it is substantial, as shown in Fig. 11 . A measurement of the cross section in iron requires subtraction of the background from scintillator. The cross section on scintillator can be determined from the tracking detectors, and is currently underway. In addition to the background subtraction, an acceptance correction must be made. The acceptance of muons from the Pb and Fe targets is not identical, so a precise measurement of the Fe/Pb ratio requires a precise acceptance correction, which is done with the Monte Carlo simulation. The Monte Carlo has been checked by comparing data from regions of scintillator with the same areas as the Fe/Pb just downstream of the target, and comparing with Monte Carlo estimates. There is good agreement between data and Monte Carlo, as shown in Fig. 12 . Analysis of the data to determine the Pb/Fe inclusive ratio is still underway.
The anti-neutrino quasi-elastic scattering was measured in the first running period with the partial detector. Figure 13 shows the Q 2 distribution for all energies combined compared to a Monte Carlo simulation of the components of the measured cross section, with the Monte Carlo results normalized to the data. The preliminary data are in general agreement with an axial mass of 1.05. However, studies of the absolute neutrino flux, as well as further analysis of the scattering data, are still underway. The statistics of the data shown are only about one-eighth of the total anticipated anti-neutron data, and 1/30 of the total neutrino data anticipated. The precision, especially at higher Q 2 , will make it possible to compare the shape of the axial form factor to the dipole form for the first time.
B. T2K
A second experiment which will substantially improve our knowledge of low energy interaction cross sections is T2K at JPARC. Although primarily designed to measure the θ 13 oscillation parameter, T2K also has a near detector, called the ND280 detector. A schematic of the detector is shown in Fig. 14 . ND280 includes an upstream π 0 dectector (P0D), consisting of interleaved scintillator and water targets, designed to measure π 0 production in water. Downstream of the P0D are fine grained scintillator detectors, consisting of 1 cm square scintillator bars which are used as active neutrino targets, interleaved with time projection chambers (TPCs) for particle identification. The inner detectors are surrounded by electromagnetic calorimetery and the entire assembly is contained inside the former CERN UA1 magnet, which provides a nominal 0.2 T field. A sample event is shown in Fig. 15 . The ND280 detector is 2.5 degrees off axis of the neutrino beam, giving a peak energy of about 600 MeV with a FWHM of about 400 MeV. This relatively low energy and relatively narrow beam, coupled with the very good π 0 detection, excellent tracking, charged particle identification and good energy measurements provided by the FGD will allow T2K to study neutrino interactions carbon and oxygen for sub-GeV neutrino energy with unprecedented precision.
T2K began data taking in early 2010 and continued until neutrino production stopped following the Fukushima earthquake in March 2011. Data taking should begin again in early 2012. 
V. SUMMARY
A new generation of high intensity neutrino beams and fine grained detectors have made possible the use of the neutrino as a probe of nucleon structure. As the precision of measurements has increased, significant discrepancies between the data from different experiments as well as comparisons between data and theoretical predictions. The understanding of neutrino interactions in nuclei has become increasingly important, and will be addressed by new high precision experiments in the coming years.
